Background: Inbreeding in seed orchards is expected to increase with the advancement of breeding cycles, which results in the delivery of crops with suboptimal genetic gain, reduced genetic diversity, and lower seed set. Here, a genetic distance-dependent method for clonal spatial deployment in seed orchards was developed and demonstrated, which reduced the inbreeding levels. The method's main evaluation parameter of inbreeding is the genetic distance among individuals and the deployment method used an improved adaptive parallel genetic algorithm (IAPGA) based on Python language. Using inbreeding-prone Chinese Mongolian pine breeding population material originating from a single natural population, the proposed method was compared to a traditional orchard design and a distance-based design; namely, complete randomized block (RCB) and optimum neighborhood (ONA) designs, respectively. Results: With the advancement of selective breeding cycles, group separation among orchard related individuals is expected to increase. Based on the genetic distance among individuals, the IAPGA design was superior in significantly reducing the inbreeding level as compared to the two existing designs, confirming its suitability to advanced-generation orchards where relatedness among parents is common. In the 1st, 2nd, and mixed generations clonal deployment schemes, the IAPGA design produced lower inbreeding with 87.22%, 81.49%, and 87.23% of RCB, and 92.78%, 91.30%, and 91.67% of ONA designs, respectively.
Background
Seed orchards bridge forest tree selective breeding activities and reforestation/afforestation practices, which rely on the production of genetically improved seed (El-Kassaby 1992 , El-Kassaby, 2000a . The term "seed orchard genetic efficiency" reflects the genetic superiority and diversity of orchard crops, which resulted from the selection and random mating of their parents (Adams 1983; El-Kassaby et al. 1984) . The maximum genetic efficiency of seed orchards requires the fulfillment of several biological factors like synchrony reproductive phenology and output equality among their parental population members along with minimal levels of inbreeding and gene flow (Eriksson et al. 1973 ). However, seed orchard research clearly showed that these factors are hardly met and several seed crop management practices have been proposed (e.g., bloom-delay (Silen and Keane 1969) and supplemental mass pollination (Wakeley et al. 1966) ), which successfully implemented to minimize these deviations from the ideal state and close to perfect population expectations Ritland 1986a, 1986b; Fashler and El-Kassaby 1987; El-Kassaby and Davidson 1990; El-Kassaby and Reynolds 1990; Reynolds and Elkassaby, 1990; El-Kassaby and Cook 1994; . While the implemented seed orchard management practices were effective in minimizing most of these biological deviations, minimal inbreeding is still strictly a function between the design of the orchard (i.e., the spatial arrangement among related individuals) and the degree of relatedness among the orchard parental population. Extensive studies have been conducted to assess the mating system and pollination dynamics in seed orchards Ritland 1986a, 1986b; El-Kassaby et al. 1988; El-Kassaby et al. 1989; El-Kassaby and Davidson 1991; ; however, the extent of inbreeding is difficult to determine, as it is a function of the relatedness among the members of parental population. Inbreeding of seed orchards is expected to increase with the advancement of breeding cycles due to the selection and inclusion of related individuals in new orchards (El-Kassaby and Ritland 1996a , El-Kassaby et al., 2011 1996b . For example, inbreeding in the first generation (1st-Gen) clonal or seedling (i.e., open-pollinated (OP)) seed orchards is restricted to selfing (within trees and among ramets of the same clone) and sib-mating (among OP family members), respectively (El-Kassaby, 2000a, b) . However, in upgraded (1.5-Gen) or advanced (2nd-Gen) generations and rolling-front orchards (Borralho et al. 1998) , the level of inbreeding becomes more complex and is mainly determined by the pedigree of orchard population (e.g., as several individuals with various degree of relatedness are often selected and included), thus in addition to selfing, multiple inbreeding forms are expected (e.g., selfing, sibmating, parent-offspring, etc.) (El-Kassaby, 2000a, b) .
Mating among relatives in seed orchards often leads to inbreeding depression, which results in the delivery of crops with suboptimal genetic gain, reduced genetic diversity, and lower seed yield (Griffin and Lindgren 1985; Woods and Heaman 1989; Williams and Savolainen 1996) . Inbreeding depression mainly results from either selfing or correlated mating (Jain 1976; Ritland 1989; Keller and Waller 2002) . Plant pollination dynamic research has indicated that the majority of mating occurred within a certain distance between individuals, thus it is necessary to highlight the importance of separating related individuals beyond the effective pollen dispersal distance (Levin and Kerster 1974; Adams and Birkes 1991; Li et al. 2019; Zhang et al. 2019 ). The concern over inbreeding build-up in seed orchard crops necessitated the development of orchard designs aimed at separating relatives (Giertych 1975) . Multiple seed orchard designs were developed ranging from those utilizing systematic arrangement of parents placement (Hodge and White 1993; El-Kassaby 2003; El-Kassaby et al. 2007) to those relying on computer-based algorithms (Bell and Fletcher 1978) . Additionally, innovative designs were developed to accommodate new arrangements such as linear deployment (Lindgren et al. 2009 ). Finally, more sophisticated computer-assisted designs suitable for advanced generation seed orchards became necessary to ensure separating related individuals. Such as the minimum inbreeding design (MI) which controls inbreeding levels by effectively optimizing the spatial distance between related individuals (i.e. the ramets of the same clone or half-siblings) in a deployment scheme (LstibůRek and El-kassaby 2010), and this design was optimized in subsequent studies for accommodate advanced generation seed orchards (Lstibůrek et al. 2015) . Similar to MI, the randomized, replicated, staggered clonal-row design (R 2 SCR) focuses on the spatial distance between related parents (El-Kassaby et al. 2014); and the optimum neighborhood design (ONA) used a" trial-and-error" method to optimize orchard's arrangement and effective spatial deployment among adjacent clones (Chaloupková et al. 2016 ). Finally, the combination of ONA and MI design has proven to be effective in parental allocation even in irregular shape orchards making it suitable for modifying existing seed orchard (Chaloupková et al. 2019) .
Mongolian pine or Hailar pine (Pinus sylvestris var. mongolica) is a geographical variety of Scots pine (P. sylvestris) (Zhu et al. 2006) , which is one of the main afforestation species in northern China with suitable growth on barren soil due to its tolerance of cold and drought (Zhao et al. 2007; Wu et al. 2019) . The genetic improvement of Mongolian pine started in China in the 1950s (Kang et al. 2004) and it is at the initial stage of second-generation breeding cycle. The Honghuaerji provenance, consisting of five natural stands, represents a main source of Mongolian pine breeding program in China. Additionally, the introduction trial was carried in three geographically distant areas (Cuohai, Tailai, and Yulin), which also contributed to the breeding material of the species. The breeding program proceeded with selection of the parental populations from these sources and the establishment of the 1st-Gen seed orchard and open-pollinated progeny test trials. It should be emphasized that selections for the 2nd-Gen seed orchard were made from these open-pollinated tests, highlighting the increased risk of inbreeding depression in these orchards as the pedigree of these selections were unknown (Ye 1986; Mao et al. 1991; Zhang et al. 2012) .
DNA markers can be effectively used to determine the genetic distance and estimate kinship among individuals as well as their inbreeding levels (Vaillancourt et al. 1998; Hardy 2003) . The molecular marker-based genetic distance estimation among individuals have been used for pedigree reconstruction and paternity testing (Han et al. 2017; Huang et al. 2018) , and it was also used for determining the spatial arrangement of an orchard population but only where the numbers of parents is limited (Yuan et al. 2016) . Here, we used SSR markers to analyze the genetic distance among 224 clones of Mongolian pine 1st-, 1.5-, and 2nd-generation seed orchards. In turn, the estimated genetic distances were used to deploy parents (clones in this case) by an "improved adaptive parallel genetic algorithm" (IAPGA) program (Wang et al. 2018) . The aim of the developed algorithm is to use the genetic distance among Mongolian pine clones as a driver for minimizing the effect of inbreeding depression through improved spatial clonal deployment.
Materials and methods

Clonal source and genetic data collection
A total of 224 Mongolian pine parents (clones) were used to populate three different seed orchard generations (1st-, 1.5-and 2nd-Gen). The 1st generation seed orchard parents were selected from five natural stands Honghuaerji (LZJD), Toudaoqiao (TDQ), Baogenyuan (BGY), Baritu (BA), and Honglinchang (HLC), each contributing 57, 15, 11, 11 and 14 parents, respectively. The 1.5 generation seed orchard parental population consisted of 28 superior trees selected from the 1st-Gen seed orchard of Yulin (YL1.5). The 2nd generation seed orchard parent clones were from Cuohai (CH2), Tailai (TL2), and Yulin (YL2), with 34, 33, and 21 clones, respectively. Genomic DNA was extracted from needles of each individual using a modified CTAB method (Crowley et al. 2003) . We used 11 pre-selected polymorphic simple sequence repeat (SSR) primers for PCR amplification from previous study (Fang et al. 2014 ). The PCR products were analyzed by capillary electrophoresis, and genotyping was performed in GenemarkerV2.2.0 (Hulce et al. 2011) .
Data analysis
Fragments length information of all individuals were used for genetic parameters calculation using Power-MarkerV3.25 software (Liu et al. 2005 ) and pairwise genetic distance was calculated as follows:
where D is "shared allele distance" that ranges from 0 to 1, S is the number of shared alleles summed over all loci, and r is the number of marker loci (Kirst et al. 2005) . Dendrograms based on pairwise genetic distance between individual clones were established by UPGMA (unweighted pair-group method using arithmetic averages) and viewed using MEGAV7.0.14 software (Kumar et al. 2016) .
Mathematical model and optimization program
The deployment clones were divided into three groups: 1st-(n = 108), 2nd-(n = 88), and mixed-generation (n = 224), which represent the parents of forward selection, backward selection and overlapping generations, respectively. The genetic distance of each group was used as the raw data for clonal deployment. The orchard configuration was assumed to be a rectangle grid with uniform landform. Minimizing the probability of inbreeding was based on maintaining maximum distance between clones with low values of genetic distance. Assuming the size of the deployment is M × N, that is, the number of rows and columns is M and N, respectively, and the serial number of the first and last deployment spots (assigned locations) on the orchard grid as 1 and M × N, respectively (eq. (2)). The neighborhood of the deployment spots located at the boundary of the matrix is incomplete, so 0 was used as a filler in the simulated clonal deployment matrix, and set the genetic similarity between these zero-filled points and other points to 0 (ie, there is no inbreeding between each other) to facilitate the operation (eq. (2)).
where M is the total number of rows in the deployment scheme; N is the total number of columns in the deployment scheme. For each 3 × 3 matrix, the 8 external spots (clones) surrounding a central deployment spot are considered as its pollen source. Suppose x is any spot on the configuration grid. These 8 spots are divided into two groups: one is the adjacent position corresponding to the top, bottom, left, and right (x -N, x + N, x -1, and x + 1) and the other is the 4 diagonal position (x -N -1, x -N + 1, x + N -1, x + N + 1). We set the spatial distance of the directly adjacent and diagonal positions to 1 and ffiffi ffi 2 p , respectively. Since the clone at the diagonal position (i.e., farther away from the center) has less influence, thus we divide the genetic similarity (Eq. 6) by ffiffi ffi 2 p to adjust the effect of distance when solving the influence of the four oblique positions. Therefore, we propose the following function to calculate inbreeding levels f(x i ):
where f is the inbreeding levels of each deployment spot, x i is the central deployment spots in 3 × 3 matrix, x j is the deployment spots parallel adjacent with x i , x k is the deployment spots diagonally adjacent with x i , I is genetic similarity, which was calculated as:
where D is the pairwise genetic distance. In order to minimize the total inbreeding levels of all seed orchard individuals, we further propose the following objective function:
where F is the sum of all clones' inbreeding levels at each deployment scheme, F min is the minimum of F, f is the inbreeding levels of each clone calculated by Eq. (4). Clones are deployed using an improved adaptive parallel genetic algorithm (IAPGA) (Wang et al. 2018) . Following the genetic algorithm, the first step is to reassemble the deployment populations into multiple subpopulations. Then the sub-populations are processed by three steps; namely, selection, crossover, and mutation in the genetic algorithm reaching the maximum-times through an iterative calculation process to form several deployment schemes. Finally, the genetic similarity of the clones at each deployment point relative to the surrounding 8 clones were calculated separately (Eq. 6), and the inbreeding level values of the clones at each deployment point were obtained (Eq. 4). The sum of the inbreeding level of the clones of all the configuration points on each deployment scheme was used as the basis for judging, and the results with the lowest inbreeding level were selected by Eq. (7).
Evaluation of clonal deployment results
In order to compare the different deployment methods on inbreeding level (using parameter f in Eq. (4)), for demonstration purposes, we assumed that there are 4 ramets of each clone in the deployment results. The output of the IAPGA deployment algorithm is taken as a single block. Within each block, one ramet of each clone is included. Four replicas of the same block constituted a complete IAPGA deployment result. At the same time, the randomized complete block (RCB) design and optimum neighborhood (ONA) design are used to obtain the other two deployment results. The inbreeding level of each deployment spot under different designs was calculated, and the control of the spatial distance of individuals with close kinship is compared across the 3 different designs; then the inbreeding level of each deployment spot is calculated.
Results
The similarity of parents in the orchards increased with the advancement of breeding cycles
With the advancement of selective breeding cycles, group separation (Dendrogram) among seed orchard individuals is expected to increase. This is clearly demonstrated by the genetic distance between individuals in the three seed orchards (1st-, 1.5-, and 2ndgenerations) (Fig. 1) . The results of dendrogram showed that in the 1st genetic resource (n = 108), the "BA12" clone is separated from the remaining 107 clones at a genetic distance of 0.308, indicating that it has significant genetic differences with the other clones (Fig. 1a) . The genetic separation of the genetic resource representing the 1.5-Gen orchard (n = 28) is clearer than that of the 1st-Gen and the 28 clones are roughly divided into two groups at the genetic distance value of 0.2105 (Fig. 1b) . Clones "SH1, SH65, and SH34" which originated from the same genetic source clustered in one group (blue in Fig. 2b) , confirming their close genetic relatedness. The grouping of third genetic resource representing the 2nd-Gen orchard is the most striking among the three populations and it is divided into 6 groups at the genetic distance value of 0.1912 (Fig. 1c ). Due to the complex relationship between individuals, the proportion of the population included in each group is also different. For example, there are 26 clones in group II (orange), including individuals from CH2, TL2, and YL2, with 30.77% (8), 53.85% (14), and 15.38% (4), respectively ( Fig. 1c ). There are 15 clones in group V (purple), and the three groups represented 46.67% (7), 40.00% (6), and 13.33% (2), respectively (Fig. 1c ). In addition, there are 88 ramets in the 2nd-Gen orchard representing 86 parents (ortets), with ramets "YL1417 and YL1411", "CH3 and CH10" representing the same clone, respectively, which was most likely caused by mistaken records.
IAPGA algorithm is effective in minimizing inbreeding in clonal orchards deployment
The clonal deployment schemes by IAPGA design are depicted in squares, which represent the 3 seed orchards (1st-(12 × 9), 2nd-(11 × 8), and mixed-(16 × 14) generations, respectively) with square color patches, where each patch represents a clone planting position and patch colors reflecting different inbreeding levels (Fig. 2) . The inbreeding level of the individuals at the edge is lower as they have fewer neighbors compared to those in the center. The inbreeding levels of each planting position in each deployment scheme is under 5. Clones with the lowest and highest inbreeding levels across the 3 generation orchards were associated with specific parents ((1st-: YL1420 and CH10 with inbreeding levels of 1.51 and 4.38, respectively), (mixed-: TL1427 and BAO30 with inbreeding levels of 1.51 and 4.55, respectively), and (2nd-: LZJD38 and HONG112 with inbreeding levels of 1.42 and 4.26, respectively)) ( Fig. 2) . With the same configuration algorithm parameters, the deployment results gradually show non-uniform phenomenon with the increase of the population size, with noticeable lower inbreeding levels in the upper half of the mixed-Gen orchard as compared to the corresponding lower half.
IAPGA clonal deployment has obvious advantages over the existing designs
For seed orchards' design comparison, clones of three Mongolian pine populations were deployed using: 1) the genetic distance-based IAPGA design, 2) randomized complete block design, and 3) optimum neighborhood (ONA) design. The comparison clearly shows that the IAPGA design can significantly reduce the total inbreeding levels in the seed orchard compared to the traditional RCB and ONA designs ( Table 1 ). The IAPGA design produced overall inbreeding levels (The sum of the inbreeding levels of all deployment points) of 1565.760, 1221.900, and 3272.830 with averages of 3.624, 3.471, and 3.652 for the 1st-, 2nd-, and mixedgeneration seed orchards, respectively (Table 1) . The Fig. 1 The average un-weighted pair group method (UPGMA) dendrograms of the relationship among trees of the three Mongolian pine genetic sources present in three seed orchards (1st-(a), 1.5-(b), and 2nd-(c) generations) according to pairwise genetic distance Fig. 2 The clonal deployment scheme of three-generation deployment groups. Note: where (a), (b), (c) is the clonal deployment scheme of 1st-, 2nd-, and mixed-generation seed orchard, respectively. Different background colors represent different degrees of inbreeding levels (Table 1) . Finally, the ONA design produced overall inbreeding levels of 1687. 689, 1338.368, and 3570 .000 with averages of 3.907, 3.802, and 3.984 for the 1st-, 2nd-, and mixed-generation seed orchards, respectively (Table 1) . Across the three clonal deployments, the RCB design scheme produced the highest overall inbreeding level followed by the ONA design, while the IAPGA design was the lowest (Table 1) . For the IAPGA design, the inbreeding levels in the 1st-, 2nd-, and mixed-Gen orchards were 87.22%, 81.49%, and 87.23% for the RCB design, respectively, while it resulted in 92.78%, 91.30%, and 91.67% for the ONA design, respectively. The coefficient of variation (CV) indicates the change of inbreeding levels of the deployment spots in each population. In the 1st-and mixed-generation seed orchards the inbreeding level CV of RCB design was the highest among the three deployment designs; while no significant difference was observed in 2nd-Gen.
IAPGA design inbreeding level is relatively stable across deployment spots
The improved deployment optimizes and controls the overall inbreeding levels to a low degree and avoids the occurrence of extreme inbreeding level values at the deployment spots (Fig. 3) . The IAPGA deployment results of the 1st-and 2nd-Gen seed orchard populations, produced inbreeding probability extreme values at a much lower level than the other two deployments (i.e., RCB and ONA designs). In the mixed-Gen deployment population, the overall layout of the ONA and the RCB designs was similar; however, the overall inbreeding levels of the optimized IAPGA deployment is lower, yet few extreme inbreeding level spots appeared in the layout (Fig. 3) .
The distribution and pattern of clonal inbreeding level range substantially varied among the three deployment schemes (IAPGA, RCB, and ONA designs) ( Table 2) . It is noteworthy to highlight the close-to-normal distribution of the inbreeding level value ranges across the IAPGA design as opposed to the steady increase of inbreeding values in both the RCB and ONA (Table 2) . Additionally, whichever deployment methods were used, the mixed-Gen seed orchard produced a higher inbreeding levels as compared to the 1st-and 2nd-Gen orchards (Table 2) . Generally, there were no spots with inbreeding value less than 1 in the three deployment methods. The IAPGA deployment was the only design with no inbreeding levels more than 5 while these values existed in the RCB (44, 32, and 75 for the 1st-,2nd-, and mixed-Gen seed orchards, respectively) and ONA (1, 0, and 10 for the 1st-, 2nd-, and mixed-Gen seed orchards, respectively) designs (Table 2) . Finally, it is worth noting that the IAPGA deployment results produced more inbreeding level clones within the 0-4 range compared to the RCB and ONA designs (Table 2 ).
Discussion
Genetic relationship among individuals in seed orchards of different generations Mating among relatives in seed orchard populations often leads to reduced seed yield and performance of inbreeding seedlings which persists throughout the tree life (Woods and Heaman 1989; Woods et al. 2002; Wang et al. 2004; Stoehr et al. 2015) . Under the known genetic control of seed germination (Chaisurisri et al. 1992; El-Kassaby et al. 1992; El-Kassaby et al. 2008 ) coupled with the commonly used non-competitive practices of seedling production (El-Kassaby and Thomson 1995; El-Kassaby, 2000a, b) , this inbreeding passes undetected and thus it cannot be ignored and must be managed in seed orchards. Absolute control of inbreeding in seed orchards through deliberate controlled pollination to avoid mating among relatives is exceedingly prohibitive and generally is impractical on operational level. The genealogical relationship (i.e., pairwise kinship) among seed orchard parents (clones) can be discerned with molecular markers (El-Kassaby et al. 2011 ). In the present study, the 1st-, 1.5-, and 2nd-Gen seed orchards produced drastically different patterns of phylogenetic tree (Fig. 1) . The 1st-Gen orchard produced an uniform distribution indicating that none of the initial parent selection was related in spite of their original single source (Honghuaerji provenance) ( Fig. 1) . On the other hand, the 1.5-and 2nd-Gen orchards produced 2 and 6 groups in their respective phylogenetic trees, respectively, indicating build-up of co-ancestry (Fig. 1) . The observed genetic clustering in the 1.5-and 2nd-Gen orchards is the result of selection of several individuals with common parentage, a situation frequently encountered during selection after progeny testing as top rank performing families often contribute more selected individuals than their lower-performing counterparts. The selection of several individuals from few top-ranking families for their incorporation in seed orchards leads to reduced genetic diversity and build-up of co-ancestry, a situation requiring innovative seed orchard designs for inbreeding avoidance (El-Kassaby 1991; El-Kassaby 1995) .
Genetic distance-based clonal deployment
Mating in seed orchard populations is a complex biological function and is influenced by many factors, including spatial arrangements of parents (ramets), their genetic relationship (genetic distance in the present study), and reproductive output and phenology. In the present study, we introduced the genetic distance-based IAPGA algorithm for designing seed orchards and therefore the genetic distance among individuals is the only constraint influencing clonal configuration on the seed orchard grids. Unlike existing seed orchard designs, where separation among related clones is implemented through enforcing separation zones among clonal ramets or among related clones and their ramets (El-Kassaby et al. 2014) , the collective use of genetic relationship among parents has not been considered. The feasibility of using the genetic relatedness among individuals has been previously attempted in designing seed orchards (LstibůRek and Elkassaby 2010; Lstibůrek et al. 2015; Chaloupková et al. 2016; Chaloupková et al. 2019 ) and ex-situ conservation plantations (Fernández and González-Martínez 2009) . The basic principle of IAPGA design proposed in this study is the same as that of ONA design, that is, to match each clone in the configuration scheme with the optimum neighborhood, so as to minimize the mating probability between related parents. The difference is that we combine genetic distance with the method of matching the optimum neighborhood, and use this method to further reduce the inbreeding, not only including self-mating. Moreover, the proposed genetic distance-based IAPGA algorithm with its use of 3 × 3 neighborhood matrix (i.e., eight spots around each center deployment spot) and correlating the genetic distance to clonal deployment is exceedingly efficient and it is also not restricted to orchard size or configuration.
Advantages of the genetic distance-based IAPGA design
In the present study, we used pairwise genetic distance as the original data, and the inbreeding level value (f) as the evaluation parameter to analyze and compare the IAPGA designs with the "traditional" randomized complete block (RCB) design and new distance-based optimum neighborhood (ONA) design. For the 1st-, 2nd-, and mixed-Gen seed orchards, the inbreeding level value of IAPGA is approximately 87.22%, 81.49%, and 87.23% of the randomized complete block design, while 92.78%, 91.30%, and 91.67% of the ONA design, respectively (Table 1) , indicating that the IAPGA design (include the inbreeding level values for the three orchards here) is able to effectively reduce the inbreeding level of the studied deployments. At the same time, we also noticed that the inbreeding levels of RCB design were always higher than ONA design in different generation seed orchards. For the 1st-, 2nd-, and mixed-Gen seed orchards, the sum of inbreeding values is 1795. 040, 1499 040, .350, and 3751.960 for RCB design, and 1687 040, .689, 1338 .000 for ONA design, indicating that the deployment of ramets in different blocks had a certain positive effect on inbreeding reduction which in this case is only limited to selfing (Table 1) . Overall, the clonal deployment layout of the IAPGA design produced lower inbreeding levels than the two existing (RCB and ONA) designs as there were no inbreeding levels lower than 1 or higher than 5 present in the IAPGA, while extreme inbreeding levels appeared in the traditional designs (Table 2) . Finally, it should be pointed out that in the present study, we used 8 positions around each central spot (clone) and assumed that they will constitute the main pollen source. However, in practice pollen, dispersal distance should differ based on wind direction and velocity as well as parental reproductive phenology and output; factors could cause some deviation between the assumed conditions for the developed method and those of actual situation. Additionally, we assumed the orchard's site is on flat terrain, an ideal situation that many seed orchards could deviate from, thus influencing our pollen dispersal assumptions. Here, we combined the pairwise genetic distance between parents with the Euclidean distance on the deployment matrix to evaluate the inbreeding level, which is a preliminary attempt. In the case where the progenies can be collected, gene flow (based on paternity analysis) is expected to be an important parameter evaluating inbreeding level and provides more references for seed orchard deployment (Dow et al. 1998; Ishihama et al. 2005; Moriguchi et al. 2005) .
Conclusion
Here, we presented a genetic distance-dependent method for clonal deployment in a seed orchard. The method relies on optimizing the genetic relationship among individuals as the sole parameter in clonal deployment and aims to reduce the risk of inbreeding depression of seed orchard. The proposed method (IAPGA design) was compared to two existing designs (complete randomized block and optimum neighborhood designs) and the results showed IAPGA design superiority in significantly reducing the inbreeding level and demonstrated its potential suitability to advancedgeneration seed orchards where relatedness among parents is common.
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